,^ with density is also calculated. The results are applied to off-limb spectra recorded by the NRL Skylab spectrograph. Densities were found to be the same in five quiet Sun regions and four active regions observed at heights > 8" outside the white-light limb. The average density derived from the S x lines for all regions considered is 1.0 x 10 9 cm -3 . This result applies to plasma at the temperature of formation of S x, i.e., 1.3 x 10 6 K. At heights greater than 20" outside the limb the average density is 7.7 x 10 8 cm -3 , and between 8" and 12" above the limb the average density is 1.0 x 10 9 cm -3 , for both quiet Sun and active regions. Subject heading: Sun: corona.
I. INTRODUCTION Aller, Ufford, and Van Vleck (1949) suggested using the intensity ratio of forbidden lines that arise from transitions within the ground configuration of O n (25 2 2p 3 ) as density diagnostics for gaseous nebulae. The lines they considered were the ^S 0 3 ,2-2 D°b,2 line at 3729 Â and the ^S 0 3 i2-2 D°3 I 2 line at 3726 Â. The theory was developed quantitatively by Seaton (1954) , and since then there have been numerous applications of the technique to planetary nebulae and other astrophysical objects (e.g., see Osterbrock 1974) .
The O ii ratio is not a useful diagnostic for the solar atmosphere. However, forbidden lines of the ions Mg vi, Si vm, S x, and Ar xii that belong to the same isoelectronic sequence as O n can be used to determine electron densities in the inner corona. The same line ratio considered for O n is an excellent diagnostic at coronal densities for these heavier ions, particularly for S x. The line ratio (*S 0 3l 2-2 P 0 3i2)l( 4: S 0 3 i2-2 D 0 3l 2) is also a good diagnostic, but at somewhat higher densities than the (
,2) ratio. The two ratios are calculated as a function of electron density and the results are applied to available solar spectra recorded by the NRL spectrograph on Skylab. Because the lines are formed by transitions within the ground configuration, the transition energies are small compared with the thermal energies of the exciting electrons. For this reason the temperature * NAS-NRC Resident Research Associate.
dependence of the ratios is not significant. Some of the lines from these ions appear in the normal incidence range between ~ 1190 Â and 1940 Â, and may be good density diagnostics for the spectra of some of the objects observed by the recently launched International Ultraviolet Explorer (IUE) spacecraft. Gabriel and Jordan (1975) have also used forbidden lines in the normal incidence region to determine physical conditions in quiet and active regions of the solar corona. However, their diagnostic techniques are different from ours and different lines were used. They had to consider the relative intensities of lines emitted from different ions, which introduces added uncertainties.
The calculations described below are performed at the temperatures where the ions have their maximum abundance in ionization equilibrium under coronal conditions. These temperatures were obtained from Jordan (1969).
II. THEORY At coronal densities and temperatures the excited levels of the 2s 2 2p 3 , 2s2p 4: , and 2p 5 configurations in highly ionized atoms are populated primarily by electron impact excitation. In addition, proton excitation between fine-structure states must also be considered, e.g., 2 D 0 3/ 2 2 D°3,2, as well as photoabsorption due to the photospheric blackbody radiation. We have solved the equations of statistical ELECTRON DENSITIES IN SOLAR CORONA Fig. 1 .-Intensity ratios in photons as functions of electron density. The solid lines were calculated excluding proton excitation; the dashed lines for S x are with protons included at a temperature of 2 x 10 6 K. At the temperature of maximum emitting efficiency of S x in ionization equilibrium (~ 1.3 x 10 6 K), the effect of protons is even smaller than indicated. equilibrium for the above three configurations. Electron impact collision strengths and spontaneous decay rates have been computed, using the University College London computer package. These data will be published elsewhere. Proton rates were calculated with the method described by Kastner and Bhatia (1978) . Proton excitation between fine-structure levels produces only a slight modification of the line ratios.
The electron impact excitation rates (cm 3 s _1 ) have been computed from the collision strengths, using the approximate expression,
where £1^ is the collision strength between a lowerlevel i and an upper-level j, T e is the electron temperature, (Oi is the statistical weight of the lower level, and Ai% is the y-> / transition energy. The values of used were computed at energies close to threshold. Possible modifications of the computed line ratios due to photoabsorption are only important at the lower densities for each ion. The photoabsorption rate is given by
The results of the calculations for the two ratios we consider are shown in Figure 1 . The wavelengths of the lines are given in Table 1 . The solid lines were calculated neglecting proton excitation of fine-structure levels. The dashed lines for S x are for proton excitation included. We have found that photoabsorption has a negligible effect on the intensity ratios. The proton excitation rate is a strong increasing function of temperature. At 2 x 10 6 K for S x, the proton finestructure excitation rates are about equal to the corresponding electron excitation rates. However, as can be seen, the net effect of protons on the ratios is small.
The reason for the variations of the ratios with density is easily understood. At low densities only the 4 *S ,0 3/ 2 level is appreciably populated. Every excitation into upper levels is followed by a radiative decay to a lower level, and the intensity ratios are therefore proportional to the ratio of excitation rates from the ground state, to a good approximation. Because for each ratio these rates are about the same, in the low density limit the ratio is near unity. As the density is increased the collisional mixing of the upper levels becomes important and in the high density limit the (2) where A jt is the decay rate from j to i, and T is the solar blackbody temperature, set equal to 6 x 10 3 K in our calculations.
The intensity ratio R (in photons) of two transitions from upper levels j and k to lower-level i is given by
where Nj-and N k are the upper-level populations calculated from a statistical equilibrium computer program. populations of the upper levels are in the ratios of their statistical weights. In this case the intensity ratios are approximately proportional to the radiative decay rates, which differ by more than an order of magnitude for the two lines constituting each ratio. Figure 1 shows that each ratio for a particular ion is a suitable diagnostic over a limited density range. For example, the ratio for Si vm shown in Figure la is useful between about 2 x 10 7 cm -3 and 10 9 cm -3 . The ratio in Figure \b for Si vm is useful between about 3 x 10 8 cm -3 and 3 x 10 I0 cm" 3 . Taken together the two ratios span a useful density range of about three orders of magnitude.
III. OBSERVATIONS
There are few observations of the solar forbidden lines under discussion, but the observations that have been obtained from the NRL spectrograph flown on Skylab are of high quality. The Skylab spectrograph covered the wavelength range from 1100 to 1940 Â with a spectral resolution of 0.06 Â and a spatial resolution of 2" x 60". Spectra were recorded on Kodak 104 and 101 film. The instrument is discussed in detail by Bartoe et aL (1977) .
The NRL forbidden-line spectra have been discussed by Feldman and Doschek (1977) , Sandlin, Brueckner, and Tousey (1977) , and Doschek and Feldman (1977) . Half the lines in Table 1 were observed in these spectra. Lines below 1100Â could not be recorded because of the low efficiency of the spectrograph at these wavelengths, and lines of Ar xn were not observed.
For the present work we have examined additional forbidden-line spectra recorded by the Skylab instrument. These spectra were recorded outside the solar limb. The lines are intrinsically weak and are difficult to record on the disk because of the solar continuum, or because of blending with other emission lines.
We consider first the results for the ratio shown in Figure la . Assuming an electron pressure of 1.2 x 10 15 cm -3 , a typical value for the quiet Sun transition zone (Doschek et al 1978) , the electron densities for the ions Mg vi, Si vm, and S x (Ar xn lines were not observed) are 3.0 x 10 9 cm~3, 1.5 x 10 9 cm" 3 , and 9.5 x 10 8 cm" 3 , respectively. Inspection of Figure la shows that for these densities only the Si ym and S x ratios are useful. The Mg vi ratio is in the high density limit. The Si vm ratio is near the high density limit, and results obtained from Si vm are therefore less accurate than results obtained from the S x ratio. For regions that might be expected to be at higher densities, only the S x ratio is useful.
The above expectations were in fact found to hold for the data we examined. The Mg vi 1805.97 Â line is barely visible in the spectra. In the high density limit it is ~ 30 times stronger than the é S 0 3 i2-2 D 0 5 , 2 line, and it is therefore not surprising that this line was not detected. Similarly, the é S 0 3 i2-2 D°5i2 line in Si vm is quite weak or absent in most of the spectra, while the 4 S 0 3/2-2 D 0 3/2 line is strong, again indicating that the ratio is near the high density limit. For all but one of the spectra, only a lower limit to the density could be obtained from the Si vm ratio. Densities were obtained for all of the spectra from the S x ratio. Because the lines are close in wavelength, the instrumental efficiency of the spectrograph is nearly the same at the two wavelengths. However, because the é S 0 3l 2-2 D 0 5l 2 S x line is weak, errors due to working near the toe of the film calibration curve can be significant.
The densities derived from the S x ratios, and the one Si vm ratio, are given in Table 2 . The intensities of the lines are also given in the table. The methods used to construct the film calibration curve and the conversion to absolute intensity are discussed in Doschek et al. (1976) . The error in determining arbitrary intensity from the film calibration curve is 15%. The absolute intensities assume that the emission is distributed uniformly over the slit and are probably accurate to within a factor of 2. The results for five quiet Sun regions and four active-region spectra are summarized in the table. All of these spectra were recorded at heights of 8" or greater above the whitelight limb.
As mentioned, the intensities quoted are averaged Active region (+8 ,/ ) 5.9 (10) 3.3 (11) 5.6 1.2 (9) Active region (+10") 7.8 (10) 4.9 (11) 6.3 1.4 (9) Active region ( + 30") 6.6(10) 2.3(11) 3.5 6.0(8) Active region (+40") 3.7(10) 1.7(11) 4.6 8.8(8) LI (9)t Quiet Sun (+12")..
3.4(10) 2.2(11) 6.5 1.5(9) Quiet Sun (+12")t 7.2(10) 4.3(11) 6.0 1.3(9) Quiet Sun (+20" over the area of the spectrograph slit (2" x 60"). Furthermore, the active-region spectra are contaminated by foreground and background emission from the quiet Sun corona along the line of sight through the active regions. Finally, due to the low spatial resolution of the spectrograph, we cannot precisely define those features of the active regions within the field of view. That the regions were indeed "active," and the quiet Sun regions "quiet," was determined by inspecting the NRL spectroheliograms also recorded on Skylab. These difficulties of interpretation notwithstanding, the derived "average" quiet Sun density for all five regions is 1.0 x 10 9 cm -3 , which corresponds to an electron pressure of 1.3 x 10 15 cm -3 . The "average" density for the four active regions is 1.0 x 10 9 cm -3 , which corresponds to the same electron pressure. This electron pressure is nearly the same as recently derived by Doschek et al. (1978) for the quiet Sun transition zone at a temperature near 6 x 10 4 K, indicating that the inner corona is in pressure equilibrium with the transition zone.
The result that the densities are the same in quiet and active regions is perhaps surprising. Inspection of the intensities of the lines shows that the active regions are not particularly "brighter" than the quiet regions. However, the coronal forbidden lines in many other active-region spectra that were not suitable for analysis of the S x lines are substantially more intense than the lines in quiet Sun spectra. These spectra were not used because of the blending of the 1213 Â S x line with La, or because the 1196 Â line is too faint. Thus the conclusion that densities are the same in quiet Sun and active plasmas at temperatures near 1.3 x 10 6 K may not be generally true.
The densities derived at the largest heights above the limb for both the quiet and active regions, i.e., >20" outside the limb, are slightly lower than the densities at heights between 8" and 12". The average quiet Sun and active-region density >20" above the limb is 7.7 x 10 8 cm -3 , while between 8" and 12" the corresponding average is 1.35 x 10 9 cm" 3 . The Si vm result for the active region observed at 40" is not included in this average because it is not reliable.
The average electron density distribution in the inner corona has been determined by using white-light observations by Saito (1970) . At a height of 20" above the white-light limb, Saito's analysis predicts an equatorial solar minimum electron density of 3.68 x 10 8 cm -3 . This density is averaged over regions of different temperatures, however. Our determination (8.2 x 10 8 cm -3 for the quiet Sun) is about a factor of 2.2 larger than typical white-light density determinations. This difference is probably due to the concentration of coronal material into smaller structures within the large-scale structures visible near the solar limb.
We now consider the ratio shown in Figure \b Vernazza and Reeves (1978) have published averaged off-limb quiet Sun and active-region spectra recorded by this instrument. Unfortunately, the spectral resolution is poor for line-identification work (~ 1.5 Â) and absolute wavelengths can be determined only approximately (^ ±0.8 Â). Nevertheless, we have examined the published off-limb spectra and suggest the following. In fact, the ratio is 0.5 on the disk, in the activeregion spectra where the counting rates are sufficiently large for an accurate subtraction of the continuum to be possible. However, in the off-limb spectra the ratio is about 2:1, suggesting the presence of another line near 944.0 Â.
If we assume that suggestions (1) and (2) are correct, then the ^S 3I^ ratio Vernazza and Reeves (1978) measure in off-limb quiet Sun regions is the same as in the active-region off-limb region (to within 157 0 ), and is 0.28 (if intensities are given in photons rather than ergs). From Figure 16 it can be seen that the observed ratio cannot be reproduced at any electron density. We feel that the discrepancy may result from the blending of the 1213 Â line with the wing of H i La in the Harvard data (see Fig. 1 in Vernazza and Reeves). The spectral range covered by the Harvard instrument on Skylab is important, and should be observed by a spectrograph or spectrometer with much higher resolution, perhaps flown on the Shuttle.
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